The safety and efficacy of botulinum toxin for the treatment of focal hand and cranial dystonias are well-established. Studies of these adult-onset focal dystonias reveal both shared features, such as the dystonic phenotype of muscle hyperactivity and overflow muscle contraction and divergent features, such as task specificity in focal hand dystonia which is not a common feature of cranial dystonia. The physiologic effects of botulinum toxin in these 2 disorders also show both similarities and differences. This paper compares and contrasts the physiology of focal hand and cranial dystonias and of botulinum toxin in the management of these disorders.
Introduction
Focal hand dystonia and cranial dystonia share the phenotypic features of uncontrolled involuntary muscle contraction leading to abnormal postures characteristic of all dystonias. They differ, however, not only in the anatomic distribution of focal dystonia symptoms, but also in age of onset, prevalence, gender predilection, and pathways implicated in their pathophysiology. Heterogeneity in the focal dystonias have led some to question whether they are etiologically related [1] . While the safety and efficacy of botulinum toxin for the treatment of these focal dystonias have been established through controlled clinical trials and over 20 years of use [2] , their response to botulinum toxin treatment similarly reveals both shared features and divergent features. Comparing and contrasting these distinct vibration can be blocked by lidocaine, consistent with a role for muscle spindles in FHD. Additional findings that may stem at least in part from deficient inhibition include abnormal cortical excitability and excessive sensorimotor plasticity [5, 12] . Loss of inhibition may also account for increased cerebral activity in sensorimotor cortex, premotor areas and cerebellum during tasks that elicit the dystonia, while decreased activity is found in primary sensorimotor cortex and supplementary motor areas when the dystonia is not active on fMRI and PET scans [13] [14] [15] [16] [17] . Resting state functional MRI shows abnormal connectivity in sensorimotor and default mode networks [18] . Studies in focal hand dystonia have also led to the recognition of sensory dysfunction in dystonia. Patients with focal hand dystonia have distorted sensory maps and defects in temporal and spatial discrimination [19, 20] as well as impaired sensorimotor integration [15, 18] . Subcortical white matter changes can be identified as well in focal hand dystonia. Diffusion tensor magnetic resonance imaging identified changes in the fiber tracts in the posterior limb of the internal capsule, connecting sensorimotor cortex to subcortical structures, including thalamocortical and corticostriatal fibers [21] .
Cranial dystonia is characterized by abnormal movements of various combinations of the muscles of facial expression, muscles of mastication, lingual muscles and, at times, laryngeal and pharyngeal muscles. The most common cranial dystonia is blepharospasm, characterized by uncontrolled contraction of orbicularis oculi muscles bilaterally resulting in forced eye closure which, when severe, leads to functional blindness. Dystonia may be isolated to the lower cranial muscles (oromandibular dystonia) or lower cranial musculature dystonia may combine blepharospasm (Meige syndrome) [22] [23] [24] [25] . Dystonic spasm of the lower cranial muscles causes involuntary jaw closing, jaw opening dystonia, or a combination of both movements. There may also be lateral jaw deviation, grimacing, and tongue writhing. Speech, chewing and swallowing are often impaired and cranial dystonia is often socially disfiguring. Cranial dystonias usually arise in midlife and affect women more than men. Blepharospasm and oromandibular dystonias largely arise without a background of specific muscle overuse. Reported precipitants include eye disease, such as dry eyes, blepharitis or keratoconjunctivitis in those with blepharospasm [26, 27] and jaw trauma or dental procedures in those with oromandibular dystonia [28] . Although less frequently than in focal hand dystonia, the abnormal movements of oromandibular dystonia may be task-specific. For example, dystonic movements may only be present on playing a wind or brass instrument in musicians with embouchure dystonia [29] .
Cranial dystonia shares with focal hand dystonia evidence of prolonged muscle contraction, antagonist cocontraction [30] and loss of central inhibition. The loss of central inhibition can be demonstrated by the blink reflex studies. In the blink reflex, a first subthreshold electrical stimulus to the supraorbital nerve inhibits the orbicularis oculi response to a second suprathreshold stimulus. The degree of inhibition varies with the time interval between the 2 impulses. Patients with blepharospasm have increased excitability, indicating a loss of inhibition [31] . Similar loss of inhibition can be demonstrated with the masseter inhibitory reflex in cranial dystonia [32] . The cortical silent period, a lapse in EMG activity due to TMS, is abnormally short in both dystonic and non-dystonic muscles in oromandibular dystonia [33] , consistent with increased cortical excitability in those patients.
Similar to focal hand dystonia where increased activity is found in sensorimotor and premotor territories when the dystonia is active [13, 14] , those with orofacial dystonia may have relative overactivity in somatosensory cortex [34] . Patients with blepharospasm have greater activation in visual cortex, anterior cingulate cortex, motor cortex, thalamus and cerebellum than those without blepharospasm during both spontaneous and voluntary blinking [35] . In musicians with embouchure dystonia, sensorimotor overactivity was seen both with a task that activated the dystonia and a similar task that did not activate the dystonia [29] .
Sensory pathways are implicated in cranial dystonia as well as limb dystonia. Those with cranial dystonia often have pain or discomfort and may respond to a sensory trick ("geste antagoniste"), in which a simple touch or gesture temporarily relieves the dystonia. The efficacy of the geste may be mediated by transient trigeminal sensory gating [32] . Abnormal sensory representation, temporal discrimination, sensory processing and sensorimotor integration have been demonstrated for cranial dystonia [36] [37] [38] . Patients with blepharospasm have decreased activation of primary and secondary somatosensory territories in response to touch stimuli to the face [38] . Regional cerebral blood flow in response to vibration stimuli placed on the face was decreased bilaterally in primary sensory areas in patients with blepharospasm. The decrease in brain activity was best seen with stimulation of areas affected by the dystonia; the decrease was less dramatic in response to hand vibration [39] . Diffusion tensor imaging failed to show white matter differences in patients with blepharospasm compared to healthy controls [40] .
Physiology of Botulinum Toxin in the Treatment of Focal Hand Dystonia and Cranial Dystonias
Studies of the physiologic effects of botulinum toxin in treating dystonia have focused on patients receiving serotype A toxin. It is not known if the other clinically available botulinum toxin serotype, type B, has identical effects.
Botulinum toxin is the current mainstay of treatment for both focal hand dystonia and cranial dystonias [2] . Rehabilitation approaches, such as physical therapy, occupational therapy or speech therapy rarely bring substantial or sustained benefit. Oral medications commonly used for dystonia including anticholinergics, dopamine depletors, muscle relaxants and benzodiazepines are likewise usually at most mildly successful and are associated with significant side effects. Deep brain stimulation is being explored for severe cases of focal hand dystonia and cranial dystonias, but its use has not yet been established.
Blepharospasm was the first dystonia to be treated with botulinum toxin [41, 42] . For blepharospasm, injections are directed to the eye closing muscle-orbicularis oculi. Proper selection of muscles is not as straightforward for other dystonias. The most critical and most challenging aspect of using botulinum toxin for the treatment of focal hand and oromandibular dystonias is determining which muscles are primarily involved in the dystonia and which may be compensating for the dystonia and should not be injected. Muscles are generally chosen for injection based on clinical evaluation and patient report. When selecting muscles for injection, it is important to observe the patient during actions that elicit the dystonia, such as writing or playing their musical instrument [43] . EMG may be helpful in identifying overcontraction of muscles that are deep or not apparent on inspection. The dose of toxin needed for these conditions reflects the size and strength of the muscles involved. Hand intrinsic and facial muscles typically require only small doses. Strong muscles, such as jaw muscles, require a higher dose of toxin than might be expected based solely on muscle mass. At least 90% of patients with blepharospasm benefit from botulinum toxin [44, 45] . Oromandibular dystonias often do not respond as well and it has been noted that botulinum toxin may be more effective for jaw closing dystonia than jaw opening dystonia [46, 47] . Although about 80% of those with focal hand dystonia have at least mild benefit from botulinum toxin initially, only 20%-30% consider the benefit sufficient to continue injections more than a few years [43] . Benefit in both cranial dystonias and focal hand dystonias can be sustained for years with repeated injection [47, 48] .
To treat dystonia, botulinum toxin is injected intramuscularly. Botulinum toxin acts at the molecular level at the neuromuscular junction, where it binds to and is internalized by the presynaptic neuron. In the cell, botulinum toxin cleaves SNARE complex proteins and prevents acetylcholine exocytosis, resulting in denervation and weakness in exposed muscles [49] . The intent when botulinum toxin was first developed as treatment was to titrate the toxin effect-to weaken dystonic muscles sufficiently to eliminate dystonic over-contraction without inducing paralysis. Muscle weakening cannot, however, be the sole explanation for the efficacy of botulinum toxin in treating dystonia. Many patients have improvement in dystonia with minimal, if any, detectable weakness while others have substantial weakness without improvement in dystonia.
The efficacy of botulinum toxin in both limb and cranial dystonia may largely be due to its peripheral neuromuscular junction blockade and weakening of over-contracting muscles, however, there is also evidence of central effects. The mechanism by which botulinum toxin exerts influence on central motor control systems is uncertain. Animal models have shown that botulinum toxin undergoes retrograde and transynaptic transport so that direct effects on the spinal cord and brain are possible [50, 51] . Direct effects may be unlikely, however, as the toxin reaches the nerve soma in only small amounts and the toxin may be inactivated during retrograde transport [50, 52] . Botulinum toxin blocks cholinergic nerve endings in muscle spindles as well as at the neuromuscular junction, demonstrated by the fact that botulinum toxin can lessen the tonic vibration response (TVR) in patients with limb dystonia. Seven months after toxin injection, the TVR remains depressed, even when maximal muscle strength has been regained, demonstrating a sustained intrafusal effect even when extrafusal effects have worn off [53] . Modulation of spindle afferent input to the central nervous system likely contributes to botulinum toxin's efficacy in dystonia and it has been suggested the central effects of the toxin are largely explainable by the toxin's modulation of peripheral afferent input to the central nervous system [8, 54] .
In limb dystonia, botulinum toxin injection can temporarily reverse some central physiologic abnormalities including those in reciprocal inhibition, cortical motor map distortion and intracortical inhibition [55] [56] [57] [58] . The duration of effect on these physiological parameters often parallels the duration of clinical efficacy. Botulinum toxin does not appear to modify or reverse abnormal cortical activation in patients with focal hand dystonia evaluated by TMS or PET scan [59] [60] [61] , but may be able to alter aberrant plasticity. Motor cortex plasticity can be assessed by paired associative stimuli (PAS) in which peripheral nerve and transcranial magnetic stimulation of the contralateral motor cortex combine to alter the excitability of the motor cortex. Using TMS motor evoked potentials of the hand as a measure of motor cortical excitability, patients with cervical dystonia in combination with hand dystonia or dystonic tremor were found to have increased PAS-induced excitability [62] . One month after botulinum toxin injections to the neck muscles only, PAS no longer facilitated the motor evoked potential response in hand muscles. Abnormal excitability returned as the clinical effects of the toxin wore off 3 months later. Botulinum toxin was found to reverse white matter abnormalities detected by diffusion tensor imaging in cervical dystonia [63] , but the issue has not yet been studied in focal hand dystonia.
Central effects of botulinum toxin have been more difficult to demonstrate in cranial dystonia. Several researchers have evaluated the effect of botulinum toxin on the decreased brainstem inhibition, as indicated by abnormal blink reflex recovery curves, in patients with blepharospasm and oromandibular dystonia. These studies show that botulinum toxin does not reverse the enhanced excitability of the blink reflex R2 recovery curve, suggesting that it has no effect on brainstem interneuron excitability even when the toxin is effectively treating the dystonic symptoms [33, 64, 65] , although it has also been suggested that current techniques may not be adequately sensitive to detect such changes [54] .
Botulinum toxin has similarly failed to show effects on abnormal cortical excitability and plasticity in patients with cranial dystonia. While a single study found that botulinum toxin reduced enhanced plasticity [66] , another found that it did not [67] . The lack of effect on cortical excitability in cranial dystonia is supported by the failure of botulinum toxin to reverse the abnormally shortened cortical silent period in blepharospasm [33] and by its lack of effect on decreased sensorimotor cortex activity assessed by fMRI [38] .
Botulinum toxin effects on spinal cord excitability in limb dystonia, as demonstrated by its effects on reciprocal inhibition, cannot play a role in response of facial muscles to injection since the spinal cord is not involved in facial muscle innervation. The role of spindle afferents in cranial dystonia and its response to botulinum toxin is uncertain: while early anatomy studies indicated that cranial muscles lack muscle spindles [33] , more recent studies have reported that spindles can be found in almost all cranial muscles [8] .
Conclusions
Focal hand dystonia and cranial dystonia share physiological features. Phenotypically, both show abnormal muscle activity with prolonged contraction and cocontraction of antagonist muscle. Loss of inhibition, found in both, is expressed as impaired reciprocal, intracortical, interhemispheric and surround inhibition in focal hand dystonia and as impaired brainstem and intracortical inhibition in cranial dystonia. Abnormalities of cortical activation, sensory processing and sensorimotor integration have also been implicated in both.
Botulinum toxin is effective in both focal hand dystonia and cranial dystonias. In focal hand dystonia, the response to botulinum toxin may be at least in part mediated through its effects on muscle spindle afferents, which in turn modulate central function. The role of peripheral afferent input in cranial dystonia and response to botulinum toxin is less uncertain. Further research is needed to understand the mechanism of efficacy of botulinum toxin in these disorders.
